Background: Akt signaling is activated by G protein-coupled receptors (GPCRs) via the PI3K-mTORC2 signaling cascade, but mechanistic insight is lacking. Results: GPCR signaling promotes lysosomal and ESCRT-dependent degradation of DEPTOR, an antagonist of mTORC2, that regulates Akt activation and signaling. Conclusion: ESCRTs regulate signaling by promoting degradation of a cytosolic antagonist of signaling. Significance: This study begins to identify the signaling pathways governing the physiological roles of ESCRTs and Akt.
Signaling by the CXC chemokine receptor 4 (CXCR4) promoted by its cognate ligand CXCL12 is important during development and in the adult (1) (2) (3) (4) . CXCR4 signaling has also been linked to several pathologies, including WHIM (warts, hypog-ammaglobulinemia, infections, myelokathexis) syndrome and cancer progression (5, 6) . Yet, despite the importance in health and disease, the molecular mechanisms governing CXCR4 signaling remain poorly understood. CXCR4 belongs to the superfamily of G protein-coupled receptors (GPCRs) 3 and couples with the heterotrimeric guanine nucleotide-binding protein G␣ i and the associated dimer consisting of ␤ and ␥ (G␤␥) (7) . Typical of GPCRs, activation of CXCR4 by CXCL12 promotes release of GDP from the G␣ subunit and binding to GTP, which in turn leads to the release of the G␤␥ heterodimer. The GTPbound G␣ i and the released G␤␥ activate various effector molecules and signaling pathways (7) . Two notable signaling pathways activated by CXCR4 are the phosphatidylinositol 3-kinase (PI3K)-Akt and mitogen-activated protein kinase, such as extracellular signal-regulated kinases-1 and -2 (ERK-1/2), signaling pathways. Akt and ERK-1/2 signaling play important roles in CXCR4-promoted cell survival and migration (7) . We recently reported that CXCR4-promoted ERK-1/2 activation is spatially restricted to caveolae and is mediated by the E3 ubiquitin ligase AIP4 and the adaptor protein STAM1 (8) . However, the molecular mechanisms mediating CXCR4-promoted Akt signaling remain poorly understood.
Akt is a serine/threonine kinase belonging to the AGC family of protein kinases (9) . Upon activation, Akt phosphorylates a diverse array of proteins involved in cell survival, growth, proliferation, cell metabolism, and cell motility (9) . Despite the importance of Akt signaling in health and disease, the mechanisms governing its activation by signaling receptors remain poorly understood. GPCR-promoted Akt activation is typically mediated by the G␤␥ heterodimer, which binds directly to PI3K␤ (10, 11) or PI3K␥ (12) . This interaction is generally considered to be confined to the inner leaflet of the plasma membrane where PI3K catalyzes the conversion of phosphatidylinositol 4,5bisphosphate (PtdIns(4,5)P 2 ) to phosphatidylinositol 3,4,5trisphosphate (PtdIns(3,4,5)P 3 ) (13) . PtdIns (3, 4, 5 )P 3 serves as a docking site for the pleckstrin homology domains of PDK1 (PtdIns(3,4,5)P 3 -dependent protein kinase) and Akt, leading to their plasma membrane recruitment and PDK1 phosphorylation of Akt at threonine residue 308 (Thr-308 of Akt1). Akt is also phosphorylated by mTORC2 (mechanistic or mammalian target of rapamycin complex 2) at serine residue 473 (Ser-473 of Akt1) (14) . How GPCR signaling leads to activation of mTORC2 remains virtually unknown.
mTORC2 is a multiprotein complex consisting of mTOR, Rictor, mSin1, mLst8, and DEPTOR plus other recently defined subunits (15) . mTOR, mLst8, and DEPTOR are also found in a distinct multisubunit kinase complex referred to as mTORC1, which also consists of Raptor and PRAS40 (15) . DEPTOR (DEP-domain containing mTOR-interacting protein) negatively regulates the activity of mTORC2 and mTORC1 (15) . DEP (Dishevelled, EGL-10, pleckstrin) domains have been linked to regulation of GPCR signaling (16) . DEPTOR interacts with mTOR and inhibits mTOR kinase activity, thereby serving as an endogenous inhibitor of both mTORC1 and mTORC2 (17) . DEPTOR is ubiquitinated and is degraded by the proteasome following serum treatment of cells, leading to increased mTORC2 and mTORC1 activity (17) (18) (19) (20) . DEPTOR regulation of mTORC1 and mTORC2 is critical, as perturbations in this regulation have been linked to aberrant Akt signaling in several cancers (17, 21) . Despite this, the molecular mechanisms that regulate DEPTOR in cells remain poorly understood.
In addition to the proteasome, the lysosome is the major degradative compartment in cells (22) . Targeting proteins for lysosomal degradation can occur via multiple mechanisms, including the ESCRT pathway (23) . The ESCRT pathway consists of four distinct protein complexes (ESCRT-0-III) plus the disassembly VPS4 complex (24, 25) . These complexes act in a coordinated manner on the limiting membrane of endosomes to promote the formation of intraluminal vesicles (ILVs) leading to the creation of the multivesicular body (MVB) (26) . Mature MVBs then fuse with lysosomes where their contents are degraded (27) . ESCRTs also target ubiquitinated transmembrane cargo into ILVs by virtue of their ability to interact with ubiquitin moieties on the cargo via the ubiquitin binding domains present in several ESCRT subunits (28 -30) . Ubiquitinated cell signaling receptors are well defined ESCRT-dependent cargo and are targeted into ILVs for eventual lysosomal degradation (30 -32) . As such, the ESCRT pathway typically mediates down-regulation of receptor signaling (33) , but recently this pathway has also been linked to positive regulation of cell signaling (34 -36) . For example, glycogen synthase kinase 3␤ (GSK-3␤), which serves as an endogenous antagonist of the canonical Wnt/␤-catenin signaling pathway, is targeted into ILVs by ESCRTs. GSK-3␤ is normally active and free in the cytoplasm to phosphorylate ␤-catenin, thereby promoting its proteasomal degradation (34 -36) . However, upon activation of Wnt signaling, GSK-3␤ is sequestered into ILVs of MVBs via the ESCRT pathway, thereby preventing its interaction with ␤-catenin, which leads to ␤-catenin stabilization and long lasting signaling (34 -36) . To our knowledge, whether DEPTOR is sequestered in MVBs and/or degraded by lysosomes remains unknown.
Here, we show that activation of the chemokine receptor CXCR4 and ␣ 2 -adrenergic receptors, prototypical GPCRs, promotes degradation of DEPTOR. We show that GPCR-promoted DEPTOR degradation is blocked by lysomotrophic agents and by siRNA directed against ESCRTs. ESCRT depletion leads to increased levels of DEPTOR and attenuation of Akt activation by mTORC2. ESCRT depletion also attenuates receptor tyrosine kinase (RTK)-promoted Akt activation and signaling. Our findings indicate that ESCRTs regulate receptorpromoted DEPTOR degradation and Akt signaling.
EXPERIMENTAL PROCEDURES
Cell Lines, Antibodies, siRNA, DNA Constructs-HeLa cells were from the American Type Culture Collection (Manassas, VA). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Hyclone Laboratories (Logan, UT)) supplemented with 10% fetal bovine serum (FBS; Hyclone Laboratories). Antibodies directed against pAkt-S473 (catalog no. 9271), Akt (catalog no. 2967), GSK-3␤ (catalog no. 12456), pFoxO1-T24/FoxO3a-T32 (catalog no. 9464), FoxO3a (catalog no. 2497), TSC2 (4308), pTSC2-T1462 (catalog no. 3617), Rictor (catalog no. 2140), p-p70 S6 kinase-T389 (catalog no. 9234), p70 S6 kinase (catalog no. 9202), DEPTOR (catalog no. 11816), and mTOR (catalog no. 2972) were from Cell Signaling Technologies (Danvers, MA). Antibodies directed against STAM1 (catalog no. 12434-1-AP) and UBAP1 (catalog no. 12385-1-AP) were from ProteinTech Group (Chicago, IL). The antibody directed against SIN1 (catalog no. 05-1044) was from Millipore (Billerica, MA). Antibodies directed against pGSK3-S9 (catalog no. Ab75814) and Akt1 (catalog no. Ab32038, E45) were from Abcam (Cambridge, MA). The anti-ERK-1/2 (catalog no. M8159), anti-Tsg101 (catalog no. T5701), anti-Rictor (catalog no. SAB5300210), anti-FLAG (catalog no. F3165), and anti-tubulin (catalog no. T5293) antibodies were from Sigma. The antibody directed against CXCR4 (2B11) was from BD Biosciences. The anti-actin antibody was from MP Biomedicals (Aurora, OH). The anti-Myc antibody was from Covance (catalog no. MMS-150R). Horseradish peroxidase-conjugated secondary antibodies were from Vector Laboratories (Burlingame, CA). Stromal cell-derived factor-1␣ (SDF-1␣; CXCL12) and epidermal growth factor (EGF) were from PeproTech (Rocky Hill, NJ). Insulin was from Gemini Bio-Products (West Sacramento, CA). Norepinephrine, dimethyl sulfoxide (DMSO), cycloheximide, chloroquine, wortmannin, and 3-methyladenine were from Sigma. Gallein (17, 37) .
CXCR4 and DEPTOR Degradation Assays-CXCL12-promoted degradation of endogenous CXCR4 in HeLa cells was assessed by immunoblot analysis, as described previously (38 -40) . siRNA transfections were as described previously (38 -40) . For DEPTOR degradation, HeLa cells (300,000) were passaged onto a 6-well plate. The following day, cells were washed with DMEM containing 20 mM HEPES and then serum-starved in the same media for 3 h. Cells were then incubated with the same media containing 50 g/ml cycloheximide for 15 min at 37°C, followed by treatment with vehicle (0.1% BSA in PBS) or 10 nM CXCL12 for various times. To examine the effect of inhibitors on CXCR4-promoted DEPTOR degradation, cells were washed with warm DMEM supplemented with 20 mM HEPES, then treated with the same media containing 50 g/ml cycloheximide for 15 min, followed by pretreatment with dimethyl sulfoxide (DMSO), 200 M chloroquine, 10 M lactacystin, 50 ng/ml pertussis toxin, 50 M gallein, 50 -100 nM wortmannin, and 0.5-5 mM 3-methyladenine for 1 h. Cells were then treated with vehicle or 10 nM CXCL12 for 3 h in the continued presence of the inhibitors. Cells were washed once with ice-cold PBS and collected in 300 l of 2ϫ sample buffer (8% SDS, 10% glycerol, 0.7 M ␤-mercaptoethanol, 37.5 mM Tris-HCl, pH 6.5, 0.003% bromphenol blue). Equal amounts of samples were analyzed by 10% SDS-PAGE and immunoblotting. DEPTOR degradation was determined by densitometric analysis of similar exposures of film across multiple experiments.
Signaling Experiments-HeLa and BAEC cells were transfected with siRNA (50 nM final concentration) directed against individual subunits of ESCRT-0 (STAM1), ESCRT-I (UBAP1 or Tsg101), ESCRT-II (Vps22), ESCRT-III (CHMP4C), or control siRNA (luciferase or GAPDH) siRNA. After 48 h, 300,000 cells were plated onto 6-well dishes, and the next day cells were washed once with warm DMEM containing 20 mM HEPES and serum-starved in the same media for 3 h. Cells were treated for 5 min with 10 nM CXCL12, 100 ng/ml EGF, 10 M norepinephrine, 50 -200 nM insulin or vehicle (0.1% BSA in PBS). Cells were washed once with PBS and collected in 300 l of 2ϫ sample buffer. Equal amounts of samples were analyzed by 10% SDS-PAGE and immunoblotting with antibodies directed against phosphorylated and total levels of several signaling molecules. The phosphorylation status of Akt at Ser-473 was quantitated by densitometric analysis of similar exposures of film across multiple experiments.
Co-immunoprecipitation Assay-HeLa cells (300,000) grown in 6-well plates were transfected with 50 nM siRNA directed against luciferase or STAM1, using Lipofectamine 3000 (Invitrogen). In some experiments, 24 h later cells were also transfected with FLAG-DEPTOR and myc-Raptor. Forty eight h after treatment with siRNA, cells were washed once with icecold PBS, and lysed in 300 l of immunoprecipitation buffer (40 mM HEPES, pH 7.4, 0.3% CHAPS, 2 mM EDTA, 50 mM sodium fluoride, 10 mM sodium pyrophosphate decahydrate, 10 mM ␤-glycerophosphate, and protease inhibitors (10 g/ml each of aprotinin, pepstatin A, and leupeptin; Roche Applied Science)). Lysates were cleared by centrifugation at 13,000 rpm for 20 min at 4°C using a 5417r-Eppendorf microcentrifuge. The cleared supernatants were collected, and protein concentrations were determined using the BCA protein assay kit (Pierce). A total of 300 -400 g of supernatant in a volume of 200 -300 l was incubated with either anti-mouse IgG, anti-Rictor, or anti-Myc mouse monoclonal antibodies for 12-16 h. Samples were then incubated with 20 l of a 50% slurry of protein G-agarose (Roche Applied Science) for 1 h at 4°C while rocking. Bound proteins were eluted in nonreducing 2ϫ sample buffer, followed by 10% SDS-PAGE and immunoblotting. For data in Fig.  6E , HeLa cells were serum-starved for 3 h and treated with vehicle for 30 min or CXCL12 for 5 or 30 min, followed by immunoprecipitation of endogenous Rictor, as described above.
Statistical Analysis-Data are represented as the mean Ϯ S.E. of at least three experiments or determinations. All statistical tests were done using GraphPad Prism 6.2b for Mac OS X (GraphPad Software, San Diego). Student's t test was used to compare the difference between two groups; one-way analysis of variance (ANOVA) was used to compare the difference between three or more groups, and two-way ANOVA was used to compare the difference between different groups under different treatment conditions. ANOVA was followed by Tukey's or Bonferroni's post hoc test. A probability (p) value of Ͻ0.05 was considered significant. Specific values are provided in the figure panels or in the figure legends.
RESULTS

GPCR Activation Promotes Lysosomal Degradation of DEPTOR-To examine whether
GPCRs regulate DEPTOR degradation, we treated HeLa cells with CXCL12, the cognate ligand for CXCR4, a prototypical GPCR, and analyzed DEPTOR levels by immunoblotting. As shown in Fig. 1A , treatment with CXCL12 promoted time-dependent degradation of endogenous DEPTOR, whereas the levels of Akt or other mTORC2 subunits mTOR, Rictor, and Sin1 were not changed. DEPTOR degradation was noticeable after 15-30 min of agonist treatment ( Fig. 1A) , albeit not statistically significant ( Fig.  1B) , but nevertheless indicating a very rapid mechanism of degradation. Endogenous CXCR4 was also degraded ( Fig. 1A) , as we have shown previously (38, 40, 41) .
To determine whether the proteasome mediates CXCR4promoted DEPTOR degradation, cells were pretreated with the selective proteasomal inhibitor lactacystin (42) . In addition, we also pretreated cells with the lysosomotropic agent chloroquine, which increases endo-lysosomal pH, thereby inhibiting the function of lysosomal hydrolases (43) . As shown in Fig. 1C , CXCR4-promoted DEPTOR degradation was completely blocked in chloroquine-treated cells but not in lactacystintreated cells (Fig. 1 , C and quantification in D). CXCR4 is known to be degraded in lysosomes (38) , and accordingly, CXCR4 degradation was also blocked by chloroquine but not lactacystin (Fig. 1C ). In contrast, serum treatment for 3 h did not promote significant degradation of DEPTOR ( Fig. 1 , C and quantification in D). These data suggest that lysosomes but not the proteasome mediates CXCR4-induced DEPTOR degradation.
The ESCRT pathway targets ubiquitinated transmembrane proteins, such as CXCR4, into ILVs of MVBs for eventual degradation in lysosomes (40, 44) . ESCRTs have also been implicated in targeting cytosolic proteins into ILVs of MVBs (34, 35) . We next examined whether DEPTOR degradation is regulated by ESCRTs. To explore this, we first focused on ESCRT-I. ESCRT-I is composed of Tsg101, Vps28, Vps37, and Mvb12 or UBAP1, and each is stoichiometrically incorporated into ESCRT-I, forming a stable heterotetrameric complex (45) . Loss of a single ESCRT-I subunit destabilizes the complex and leads to degradation of the other subunits (46) . Tsg101 is a core component of ESCRT-I, and it has been shown to mediate sorting of CXCR4 to lysosomes (47) . There are at least four predicted Mvb12 isoforms in mammalian cells, and at least three of them (Mvb12A, Mvb12B, and UBAP1) can assemble into distinct ESCRT-I complexes with discrete functions (45, 46) . ESCRT-I complexes that contain UBAP1 are involved in lysosomal degradation of transmembrane receptors, such as EGFR, whereas those that contain Mvb12 are involved in cytokinesis, another cellular process that also requires ESCRTs (46) . Similar to EGFR, siRNA targeting UBAP1, but not Mvb12A or Mvb12B, significantly attenuated agonist-induced degradation of CXCR4 compared with control ( Fig. 2 , A-D), indicating for the first time that ESCRT-I complexes mainly containing UBAP1 mediate CXCR4 lysosomal degradation.
We next examined whether UBAP1 regulates DEPTOR degradation. DEPTOR levels were significantly increased in HeLa cells in which UBAP1 was depleted by siRNA, as compared with control ( Fig. 2 , E and quantification in F). In addition, CXCR4promoted DEPTOR degradation was blocked in UBAP1-depleted cells (Fig. 2 , E and quantification in F). These data indicate that UBAP1 and by extension ESCRTs regulate DEPTOR degradation. Given that ESCRT depletion leads to elevated DEPTOR levels, these data suggest that the ESCRT pathway regulates mTORC2 activity.
ESCRTs Regulate mTORC2-dependent Phosphorylation of Akt at Ser-473-To examine the activity of mTORC2, we determined the phosphorylation status of Akt at serine residue 473 (pAkt-S473), an mTORC2 phosphorylation site, by immunoblotting with a phospho-specific antibody. HeLa cells were serum-starved for 3 h and then treated for various times with CXCL12. As shown in Fig. 3A , CXCL12 induced a rapid and transient increase in phosphorylation of Akt at Ser-473 that was maximal at 5 min but remained somewhat elevated for up to 60 min of agonist treatment. Phosphorylation of Ser-473 was mediated by mTORC2, as depletion of Rictor, a defining subunit of mTORC2 (37) , attenuated phosphorylation of Ser-473 in HeLa cells treated with CXCL12 ( Fig. 3B ).
We next examined the role of ESCRTs on mTORC2 activity in HeLa cells treated with siRNA directed against a subunit in ESCRT-0 (STAM1), ESCRT-I (UBAP1), ESCRT-II (Vps22), or ESCRT-III (CHMP4C). As shown in Fig. 4 , A-D, CXCR4-promoted phosphorylation of Akt at Ser-473 was attenuated in cells depleted of a subunit from each ESCRT complex. DEPTOR levels were increased in cells depleted of all ESCRTs ( Fig. 4, A, B , or D), except ESCRT-II ( Fig. 4C ), consistent for a role of ESCRTs in regulating DEPTOR degradation. Importantly, ESCRTs do not have a global effect on signaling because CXCR4-promoted phosphorylation of ERK-1/2 was not affected in cells treated with siRNA targeting ESCRT-I ( Fig.  4B ), ESCRT-II ( Fig. 4C ), or ESCRT-III ( Fig. 4D ). In contrast, depletion of ESCRT-0 subunit STAM1 attenuated CXCR4promoted ERK-1/2 activation, which we have previously shown likely occurs via a discrete pool of STAM1 that is localized to caveolae, possibly unrelated to its functional role as part of ESCRT-0 ( Fig. 4A) (8) . A role for ESCRTs in regulating mTORC2 activity is not unique to HeLa cells because siRNA-mediated depletion of Tsg101, a core subunit of HeLa cells were treated with vehicle (PBS ϩ 0.1% BSA) or CXCL12 for the indicated times, as described under "Experimental Procedures." Samples were immunoblotted using anti-phosphospecific antibodies at Ser-473 (pAkt-S473) or Thr-308 (pAkt-T308) and total Akt. Immunoblots were analyzed by densitometry. Graph shows the average pAkt-S473 levels normalized to total Akt at each time point compared with control (5-min time point; set to 100%). Data are from three independent experiments, and error bars represent mean Ϯ S.E. B, depletion of Rictor attenuates CXCR4-promoted phosphorylation of Akt at Ser-473. HeLa cells treated with siRNA directed against Rictor or luciferase (Ctrl) were serum-starved for 3 h followed by treatment with vehicle (minus symbol) or CXCL12 (plus symbol) for 5 min, as described under "Experimental Procedures." Equal amounts of whole cell lysates were immunoblotted for the indicated proteins and their phosphorylation status. Representative blots from three independent experiments are shown. Arrow points to pAkt-T308 band. The asterisk represents nonspecific bands.
ESCRT-I (25) , also significantly attenuated CXCR4-induced phosphorylation of Akt at Ser-473 in BAEC (Fig. 5 , A and quantification in B), further confirming a role for ESCRTs in regulating mTORC2 activity. However, DEPTOR levels were not changed, as determined by immunoblotting, suggesting that in addition to modulating DEPTOR levels (Fig. 5A ), ESCRTs may regulate Akt activation via an additional mechanism. CXCL12 treatment of BAEC cells displayed similar time-dependent phosphorylation of Akt at Ser-473 ( Fig. 5C ), as compared with HeLa cells (Fig. 3A) .
Because DEPTOR can antagonize mTOR activity, we next examined whether ESCRT depletion by siRNA also leads to an increase in the amount of DEPTOR associated with mTOR by co-immunoprecipitation with Raptor or Rictor, which are found in mTORC1 and mTORC2, respectively (15) . As shown in Fig. 6A , there was a greater amount of DEPTOR in STAM1depleted cells compared with control, and this correlated with a greater amount of DEPTOR in Rictor immunoprecipitates (Fig.  6A ). There was no change in the amount of mTOR associated with Rictor (Fig. 6A) . In contrast, although FLAG-DEPTOR levels were increased in STAM1-depleted cells, there was no change in the amount of FLAG-DEPTOR associated with myc-Raptor when compared with control ( Fig. 6B ). Taken together, these data suggest that ESCRTs regulate DEPTOR associated with mTORC2, but not mTORC1, and they further suggest that ESCRTs regulate mTORC2 activity by regulating DEPTOR degradation.
To confirm that DEPTOR does indeed regulate CXCR4promoted mTORC2 activity, we next examined Akt activation in cells overexpressing FLAG-tagged DEPTOR or in cells transfected with shRNA targeting DEPTOR. Overexpression of FLAG-DEPTOR attenuated whereas DEPTOR depletion enhanced phosphorylation of Akt at Ser-473 (Fig.  6, C and D, respectively) . CXCR4-promoted ERK-1/2 activation was not impacted by DEPTOR overexpression (Fig. 6C) or depletion (Fig. 6D) . Therefore, DEPTOR regulates CXCR4-promoted Akt activation.
Our data indicate that the ESCRT pathway regulates CXCR4-promoted Akt activation, likely via promoting degradation of DEPTOR. However, Akt is maximally activated within 5 min of CXCL12 treatment ( Fig. 2A) , whereas DEPTOR is only noticeably degraded after 30 min of CXCL12 treatment (Fig. 1A) . It is likely that upon CXCR4 activation DEPTOR becomes dissociated from mTORC2 before it is sequestered into ILVs of MVBs and noticeably degraded in lysosomes. To examine this, we treated HeLa cells with vehicle or CXCL12 for 5 or 30 min, followed by immunoprecipitation of endogenous Rictor and immunoblotting to detect DEPTOR. As shown in Fig. 6E , there was less DEPTOR associated with Rictor after treatment with CXCL12 for 5 or 30 min, compared with vehicle. This is consistent with the idea that CXCR4 activation promotes DEPTOR dissociation from mTORC2, which is likely required for its incorporation into ILVs and maximal Akt activation following receptor activation.
ESCRTs Regulate Akt Signaling-Phosphorylation of Ser-473 is necessary for full activation of Akt and hence Akt signaling (14, 49) . Next, we determined whether ESCRTs regulate Akt signaling by examining the phosphorylation status of Akt substrates FoxO1/O3a, TSC2, and GSK-3␤ (49, 50) . CXCR4-promoted phosphorylation of FoxO1/O3a at Akt sites Thr-24/ Thr-32 was markedly attenuated in cells treated with siRNA directed against a subunit in each of the ESCRTs compared with control siRNA (Fig. 7, A-D) . CXCR4-promoted phosphorylation of TSC2 and GSK-3␤ at Akt sites Thr-1462 and Ser-9, respectively, was attenuated by ESCRT depletion, although modestly ( Fig. 7, A-D) . Consistent for a role in Akt signaling, DEPTOR overexpression attenuated ( Fig. 6C ) and DEPTOR depletion enhanced (Fig. 6D) MARCH 13, 2015 • VOLUME 290 • NUMBER 11
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ESCRTs have a broad role in Akt signaling. HeLa cells endogenously express ␣ 2 -adrenergic receptors and similar to CXCR4 are coupled with G␣ i heterotrimeric G proteins (51) . HeLa cells also express epidermal growth factor and insulin receptors, two well studied RTKs that readily promote Akt signaling (49, 50) . Next, we explored whether ESCRTs regulate Akt signaling induced by activation of these receptors. To accomplish this, HeLa cells were treated with siRNA directed against ESCRT-I subunit UBAP1, followed by serum starvation and stimulation with the adrenergic receptor agonist norepinephrine (10 M), EGF (100 ng/ml), or insulin (50 nM) for 5 min. Depletion of UBAP1 attenuated Akt phosphorylation at Ser-473 promoted by norepinephrine ( Fig. 8A) , EGF (Fig. 8B ), or insulin ( Fig. 8C ). Activation of EKR-1/2 by norepinephrine, EGF, or insulin was not impacted by depletion of UBAP1 (Fig. 8, A-C, respectively) . In addition, depletion of ESCRT-II subunit Vps22 also attenuated Akt phosphorylation at Ser-473, but not activation of ERK-1/2, promoted by EGF or insulin (see Fig. 4C ).
To determine whether Akt signaling was impacted by ESCRT depletion, we examined the phosphorylation status of Akt substrates FoxO1/O3a, TSC2, and GSK-3␤. Similar to CXCL12, norepinephrine, EGF, or insulin promoted phosphorylation of FoxO1/O3a at Thr-24/Thr-32 was attenuated in UBAP1-depleted cells compared with control, whereas phosphorylation of TSC2 at Thr-1462 and GSK-3␤ at Ser-9 was not noticeably impacted ( Fig. 8, A-C, respectively) . Similar results for EGF and insulin were observed in cells depleted of Vps22 (see Fig. 4C ).
We next examined whether activation of ␣ 2 -adrenergic receptors, EGFR, or the insulin receptor promoted DEPTOR degradation. HeLa cells were treated with norepinephrine, EGF, or insulin for 3 h, and DEPTOR levels were determined by immunoblotting. Norepinephrine, but not EGF or insulin, promoted DEPTOR degradation (Fig. 8 , D and quantification in E), suggesting that GPCRs, but not RTKs, regulate DEPTOR degradation, at least under our experimental conditions. DEPTOR is also a component of mTORC1, and DEPTOR levels associated with mTORC1 were not changed in STAM1depleted cells (Fig. 6B ), suggesting that mTORC1 signaling is not directly regulated by ESCRTs. To address this, we examined the phosphorylation status of p70S6 kinase (p70S6K), which is directly phosphorylated by mTORC1 at Thr-389 (17) . As shown in Fig. 9A , CXCR4-promoted phosphorylation of p70S6K at Thr-389 was not affected in cells treated with siRNA directed against ESCRT-I subunit UBAP1. Similarly, norepinephrine- (Fig. 9B ), EGF- (Fig. 9C ), or insulin (Fig. 9D )-promoted phosphorylation of p70S6K at Thr-389 was not affected by depletion of UPAB1. These data suggest that ESCRTs do not impact mTORC1 activity.
GPCR-promoted DEPTOR Degradation Is G Protein-and PI3K-dependent-To gain further insight into the mechanism driving GPCR-promoted DEPTOR degradation, we next examined whether this occurs via balanced G protein-dependent and G protein-independent pathways (52) . CXCR4 couples with the pertussis toxin-sensitive G␣ i heterotrimeric G protein (7, 53) , and as shown in Fig. 10A , CXCL12-induced degradation of DEPTOR was completely blocked in HeLa cells treated with pertussis toxin, indicating that G protein signaling is necessary for CXCR4-promoted DEPTOR degradation. In addition, pertussis toxin completely blocked CXCR4-promoted phosphorylation of Akt at Ser-473 or Thr-308 and phosphorylation of FoxO1/O3a at Thr-24/Thr-32 (Fig. 10B ). Pertussis toxin did not have an impact on EGFR-promoted phosphorylation of Akt at Ser-473 or Thr-308 or phosphorylation of FoxO1/O3a at Thr-24/Thr-32 (Fig. 10B) . These data indicate that CXCR4promoted DEPTOR degradation and Akt signaling occurs via G protein-dependent signaling.
Typically, GPCR-promoted Akt signaling occurs via the released G␤␥ heterodimer, which binds directly to and activates either PI3K␤ or PI3K␥ leading to the production of PtdIns(3,4,5)P 3 at the plasma membrane (10, 12) and recruitment of PDK1 and Akt, thereby enabling phosphorylation of C. Akt at Thr-308 by PDK1 (54) . Consistent with this, gallein, a pharmacological inhibitor of G␤␥ (55), attenuated CXCR4promoted Akt phosphorylation at Thr-308 but not phosphorylation promoted by EGFR (Fig. 10C ). Gallein also attenuated phosphorylation of Akt at Ser-473, possibly because it prevents reassociation of ␣and ␤␥-subunits. It is also possible that phosphorylation of Thr-308 by PDK1 and Ser-473 by mTORC2 are mechanistically linked (54, 56) . In contrast, inhibition of Ser-473 phosphorylation by Rictor depletion did not have an impact on phosphorylation of Thr-308 (see Fig. 3B ). Importantly, phosphorylation of Ser-473 is necessary for Akt signaling because in Rictor-depleted cells phosphorylation of FoxO1/ O3a was also attenuated, compared with control (see Fig. 3B ). Gallein also attenuated CXCR4-promoted phosphorylation of FoxO1/O3a (Fig. 10C) . These data indicate that G␤␥ are required for CXCR4-promoted Akt signaling likely via PI3K signaling.
To confirm that PI3K is involved in CXCR4-promoted Akt signaling, we incubated cells with wortmannin, a nonselective inhibitor of several PI3K isoforms (57) . As shown in Fig. 10D , CXCR4-promoted phosphorylation of Akt at Thr-308 and phosphorylation of FoxO1/O3a at Thr-24/Thr-32 was dose-dependently blocked in cells treated with wortmannin, compared with control. We have recently shown that wortmannin (100 nM) reduces the amount of phosphatidylinositol 3-phosphate (PtdIns3P) on early endosomes in HeLa cells, assessed by using a fluorescent based-reporter of PtdIns3P levels (40) , consistent with the fact that wortmannin also inhibits the class III PI3K Vps34 (58) . Vps34 catalyzes the formation of PtdIns3P on the cytosolic leaflet of endosomal membranes where it plays a role in the ESCRT pathway (59, 60) . Vps34 can also be found in another discrete complex that has an essential role in autophagy (61) . To examine Vps34, we treated cells with varying doses of 3-methyladenine (3-MA), a somewhat selective inhibitor of Vps34 (62) . As shown in Fig. 10D, 3 -MA dose-dependently inhibited CXCR4-promoted phosphorylation of Akt at Thr-308 or Ser-473 and phosphorylation of FoxO1/O3a at Thr-24/Thr-32. At higher doses (5 and 0.5 mM) 3-MA likely also inhibits the class I PI3K catalytic subunits p110␤ and p110␥ (62) . In addition, wortmannin or 3-MA, blocked CXCR4-pro-moted degradation of DEPTOR, indicating that PI3K signaling drives DEPTOR degradation (Fig. 10A) . In contrast, CXCR4 degradation was only modestly inhibited by pertussis toxin, wortmannin, or 3-MA treatments, likely because the remaining PtdIns3P (63) is still able to efficiently support CXCR4 sorting for degradation, at least during the 3-h treatment time used in this experiment (Fig. 10A) . Overall, these data suggest that class I and class III PI3Ks mediate Akt signaling and DEPTOR degradation induced by CXCR4.
DISCUSSION
We show here that the canonical ESCRT pathway mediates CXCR4-promoted DEPTOR degradation. Depletion of ESCRTs leads to elevated levels of DEPTOR (Fig. 2D) , and because DEPTOR is a natural endogenous antagonist of mTOR kinase activity (17) , this likely negatively impacts mTORC2 activity and thereby inhibits Akt activation and signaling promoted by GPCRs (Figs. 4, A-D, and 8A) and RTKs (Fig. 8, B and C) . In addition, acute CXCR4 (Ͻ30 min) activation also promotes DEPTOR degradation, and this requires G protein and PI3K signaling (Fig. 10A ). This suggests that Akt signaling is linked to DEPTOR degradation, but whether this is linked to activation of mTORC2 remains to be clearly defined. Phosphorylation of Akt at Ser-473 was maximal at 5 min in the presence of CXCL12 (Fig. 3A) , which does not necessarily coincide with the time of DEPTOR degradation (Fig. 1B) . However, treatment of cells with CXCL12 for 5 min led to dissociation of DEPTOR from mTORC2 (Fig. 6E ). This is consistent with the idea that DEPTOR is somehow displaced from the mTORC2 complex and then is likely incorporated into ILVs of MVBs before it is degraded in lysosomes. This will need to be examined using high resolution microscopy and more sensitive biochemical strategies to conclusively determine whether DEP-TOR is targeted into ILVs at these times points. Our data suggest a model in which DEPTOR degradation or sequestration into ILVs serves as a mechanism to promote mTORC2 activity and thereby facilitate Akt activation and signaling. DEPTOR associated with mTORC1 does not seem to be impacted by ESCRTs (Figs. 6B and 9 ), which may be linked to the fact that activated mTORC1 is found on the surface of lysosomes (64). Our working model is depicted in Fig. 11 . Our study confirms and extends the notion that ESCRTs can serve as positive regulators of signaling and extends our knowledge about the cellular and molecular mechanisms that govern mTORC2 and Akt signaling.
DEPTOR is a cytosolic protein, but it is targeted for ESCRTand lysosome-dependent degradation. Typically, ESCRTs target ubiquitinated transmembrane proteins for entry into ILVs of MVBs for eventual degradation in lysosomes (65) . Cytosolic factors and even those that are peripherally associated with endosomal membranes are typically excluded from ILVs, such as the ESCRT proteins themselves (66) . Because ubiquitination is required for CXCR4 entry into the ESCRT pathway and for its degradation (44, 67) , it is possible that DEPTOR interacts with ubiquitinated CXCR4 directly or indirectly to be targeted into ILVs. For example, GSK-3␤ appears to be sequestered into ILVs as a large molecular complex with transmembrane proteins (34 -36) . An argument against this idea is that PI3K inhibition completely blocked DEPTOR degradation, while only modestly attenuating CXCR4 degradation (Fig. 10A ). Alternatively, DEPTOR could enter ILVs via a receptor-independent mechanism (68), although it would still require G protein and PI3K signaling. In this case, DEPTOR could interact with an unknown factor that enters ILVs (68, 69) . Other possibilities are likely, but in any case, other mTORC2 subunits would be excluded from ILVs; because of the mTORC2 subunits we examined, DEPTOR was the only one degraded upon GPCR activation (Fig. 1A) or impacted by ESCRT depletion (Fig. 2E) . Further work will be required to precisely define the mechanism by which DEPTOR is targeted for lysosomal degradation.
In addition to regulating DEPTOR levels and phosphorylation of Akt at Ser-473 by mTORC2, ESCRTs also regulate phosphorylation of Akt at Thr-308. Phosphorylation of Thr-308 promoted by CXCR4 ( Fig. 4, A-D) was also attenuated in ESCRT-depleted cells. PI3K catalyzes the formation of PtdIns(3,4,5)P 3 from PtdIns(4,5)P 2 at the plasma membrane, which recruits PDK1 and Akt via their respective pleckstrin homology domains (13) . ESCRTs likely do not regulate PDK1 activity because it is constitutively activated (54) . It is possible that ESCRT depletion could alter the localization of PDK1, Akt, or some other factor that regulates the phosphorylation status of Akt, but this remains to be examined. The effect of ESCRT depletion on Akt activation or signaling is likely not because of an indirect effect linked to other roles that ESCRTs have in other membrane-related functions, such as cytokinesis, viral budding, or plasma membrane repair, because to the best of our knowledge ESCRT-0 and ESCRT-II are not involved in these processes (70 -73) . Further work will be required to thoroughly understand how ESCRTs govern full activation of Akt.
We also show that Akt signaling is impacted by ESCRTs. In ESCRT-depleted cells phosphorylation of Akt substrates FoxO1/3a was substantially impaired, whereas phosphorylation of other Akt substrates GSK-3␤ and TSC2 was only moderately impaired (Figs. 7, A-D, and 8, A-C) . These data are consistent with other studies that have shown that silencing of mTORC2 phosphorylation of Akt at Ser-473 impacts phosphorylation of Thr-24/Thr-32 on FoxO1/O3a, but not phosphorylation of Thr-1462 on TSC2 or Ser-9 on GSK-3␤ (49, 50) . It is possible that phosphorylation of these sites is less sensitive to perturbations in Akt activity or a redundant kinase is able to phosphorylate these proteins when Akt activity is attenuated or absent (15) . Alternatively, differences in subcellular localization may account for differences in Akt-mediated phosphorylation of its substrates (74) . Taken together, our data indicate that ESCRTs govern Akt signaling, likely by regulating the levels of DEPTOR and thereby controlling the activity of mTORC2.
ESCRTs may play a general role in GPCR-promoted Akt signaling. For example, in addition to CXCL12, stimulation with norepinephrine also promotes DEPTOR degradation and Akt signaling via ESCRTs (Fig. 8, A, D, and E) . Whether this applies to other GPCRs remains to be determined, but it may not extend to all GPCRs. For example, in contrast to CXCR4, activation of the angiotensin II type 1 receptor by angiotensin II does not activate Akt via mTORC2 (75) . This suggests that angiotensin II type 1 receptor-promoted Akt signaling may occur via an ESCRTindependent mechanism. Therefore, it is possible that ESCRTs mediate Akt signaling of only a subset of GPCRs.
ESCRT-dependent Akt signaling is not limited to GPCRs. We also show that ESCRTs mediate Akt signaling induced by EGF or insulin (Fig. 8, B and C, respectively) . However, our study highlights an important distinction between GPCRs and RTKs in that GPCR activation promotes rapid degradation of DEPTOR, whereas activation of EGF or insulin receptors does not (Fig. 8, D and quantification in E) . Serum treatment of cells has been shown to promote DEPTOR degradation, but it occurs over long treatment times (4 -24 h) and via the proteasome (17) . In contrast, CXCR4 promotes DEPTOR degradation very rapidly (Ͻ30 min of CXCL12 treatment), and it occurs via lysosomes (Fig. 1) . Serum (10% FBS) treatment, at least under our experimental conditions, did not promote DEPTOR degradation (Fig. 1C) . Because ESCRT depletion leads to an overall increase in the cellular complement of DEPTOR, it is likely that Akt signaling induced by cell signaling receptors in general will be impacted. Alternatively, RTKs could selectively promote DEPTOR sequestration into ILVs without leading to its degradation, similar to what occurs with GSK-3␤ (34). Whether growth factor or RTK-driven DEPTOR sequestration into ILVs occurs will require further investigation to determine.
Akt signaling is involved in several cellular processes, including cell survival and cell motility (9) . Phosphorylation of FoxO1/O3a transcription factors by Akt prevents them from translocating to the nucleus and enhancing the expression of genes that promote apoptosis, thereby facilitating cell survival (76 -78) . Interestingly, ESCRT-0 or ESCRT-I knock-out mice die early during embryogenesis, and the embryos show a high degree of cellular death in part due to apoptosis (33) , which is consistent with a decrease in Akt signaling. We recently showed that siRNA targeting ESCRT-0 subunit STAM1 does not affect CXCR4-induced proliferation or survival of HeLa cells (8) . The role of ESCRTs on cell survival remains to be examined further, but it is also possible that ESCRTs have other roles. ESCRTs have been linked to cell polarity and controlling focal adhesion dynamics (79, 80) . Akt signaling has been linked to CXCR4induced directed migration of HeLa cells (81) , and directed cell migration is an important developmental and pathophysiological function of CXCR4 (3, 4, 6, 48, 82) . Therefore, it is possible that ESCRTs and Akt signaling have important physiological roles in directed cell migration. In conclusion, our findings begin to explain the signal transduction pathways important in the physiological roles of ESCRTs and Akt. 
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